Abstract: This study is focused on the effect of boron addition, in the range of 0.0007wt% to 0.03wt%, on the microstructure and stress-rupture properties of a directionally solidified superalloy. With increasing boron content in the as-cast alloys, there is an increase in the fraction of the γ′/γ eutectic and block borides precipitate around the γ′/γ eutectic. At a high boron content of 0.03wt%, there is precipitation of lamellar borides. Upon heat treatment, fine block borides tend to precipitate at grain boundaries with increasing boron content. Overall, the rupture life of the directionally solidified superalloy is significantly improved with the addition of nominal content of boron. However, the rupture life decreases when the boron content exceeds 0.03wt%.
Introduction
For decades now, nickel-based superalloys are being widely used in the manufacturing of gas turbine components. Directional solidification is a processing technique that results in the formation of columnar-grained casting, characterized by numerous benefits due to the absence of transverse grain boundaries.
High temperature Ni-based alloys usually contain small amounts of boron, which is considered to have important influence on their mechanical properties [14] . In the past decades, several studies have reported the effects of boron addition on the microstructure and properties of Ni-based alloys, such as Ni 3 Al [510]. According to these studies, boron segregation at grain boundaries increases the cohesion or decreases the grain boundary diffusivity. However, to the best of our knowledge, studies on the effect of boron on the microstructure and properties of directionally solidified alloys have been rarely reported in the literature. To this end, the aim of this study is to investigate the effect of boron addition on the microstructure and properties of directionally solidified alloy.
Experimental
The nominal composition of the alloy investigated in this study (the original alloy without boron) is summarized in Table 1 . The mother alloy was first prepared on a 100 kg vacuum induction melting (VIM) and casted into 50 kg alloy rods. Subsequently, pre-determined quantity of boron was added during the remelting of the alloy rods in a Bridgeman type furnace to form directionally solidified specimens of 13 mm in diameter and 210 mm in length by the method of high rate solidification at the withdrawal rate of 6 mm/min. The actual boron content in the specimens was analyzed by methyl borate distilling separation combined with inductively coupled plasma-atomic emission spectrometry. Directionally solidified slabs thus obtained with 0.0007wt%, 0.006wt%, 0.015wt%, and 0.03wt% of boron were named as A, B, C, and D, respectively.
The cast specimens were subsequently heat-treated by the The microstructure of the cross-section and fractured surface after the stress-rupture test was observed by using an optical microscope (OM) and a scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). The change in eutectic volume fraction with elemental addition was determined quantitatively using software based on areal analysis. The average areal eutectic fraction, A a , is representative of the volume fraction, V e : e e a t
where A e is the sum of the areas of the eutectic, and A t is the total measurement area. In the typical analysis, 10 optical images of each sample were taken using an optical microscope at a 100 magnification in order to gain a representative sample area and a statistically significant average volume fraction. 
Results

Effect of boron addition on the microstructure
The microstructure of directionally solidified castings with different boron contents is shown in Fig. 1 . As is seen, the as-cast structure is dendritic with a dendrite segregation pattern. The γ′/γ eutectic, which solidified finally during the solidification process, is located preferentially in the interdendritic regions. Fig. 2 plots the variation of eutectic fraction in the as-cast alloy as a function of boron content. As is seen, the eutectic fraction increases with increasing boron content. After heat treatment, the segregation of alloy elements is dramatically reduced by diffusion at high solution temperature. The γ′/γ eutectic is dissolved in the γ matrix, and the dendritic structure is partly removed. Four SEM images of the heat-treated alloys shown in Fig. 3 reveal the γ′/γ eutectic still presents due to high eutectic fraction after heat treatment. 
Formation of borides
The addition of boron in the experimental alloys (alloys A-D) results in the formation of a small amount of borides. As can be seen from the SEM image shown in Fig. 4(a) , borides are not observed in alloy A due to the very small concentration of boron in the alloy. With the increasing of boron content in the as-cast alloys (Figs. 4(b) and 4(c) ), more block boride precipitates appear around the γ′/γ eutectics. With further increase in boron content to 0.03wt% (Fig.  4(d) ), lamellar borides are observed at the solidification front of the γ′/γ eutectics. EDS analysis (Fig. 4(e) ) suggests that the boride phase is mainly enriched with Cr and Mo. Upon heat treatment, the γ′/γ eutectics dissolve in the γ matrix, together with the reprecipitation of borides at grain boundaries and around carbides (Fig. 5) . The precipitation of borides is still not observed in alloy A, as shown in Fig.  5(a) . On the other hand, in the case of alloys B and C (Figs. 5(b) and 5(c)), block borides form at grain boundaries and around carbides. With further increase in boron content, lamellar borides reprecipitate at grain boundaries, as seen in Figs. 5(c) and 5(d).
Stress-rupture test
The stress-rupture test was conducted at 975°C under a stress of 196 MPa. The corresponding results are plotted in Fig. 6 . As is seen, the stress-rupture life and elongation increase with increasing boron content and reach the maximum value for the boron content of 0.015wt%. With further increase in boron content to 0.03wt%, there is a decrease in rupture life and elongation.
Fractographs
The microstructure of the longitudinal section of the alloys after the rupture test is shown in Fig. 7 . The boron addition has dramatic effect on the fracture behavior. Alloy A with 0.0007wt% boron exhibits mainly intergranular frac-ture (Figs. 7(a)-7(b) ). With increasing boron content to 0.015wt% (alloy C), the fractured surface exhibits the feature of transgranular fracture, as shown in Figs. 
7(c)-7(d).
With further increase in boron content to 0.03wt%, the fractured surface exhibits mixed intergranular and transgranular features, as shown in (Figs. 7(e)-7(f) ). 
Discussion
In general, boron element is not the formation element of the γ′/γ eutectic. However, results obtained in this study (Fig. 2) indicate that the eutectic fraction in the as-cast alloys increases with increasing boron content. Boron, as a strong negative segregation element, usually diffuses into the remaining melt during the initial solidification of the alloy. Consequently, a boron rich layer is formed at the frontier of the solid-liquid interface, which tends to enhance the undercooling degree of the solid-liquid interface and liquid [4, 11] . As a result, the formation of γ′/γ eutectics is favored in the alloy with increasing boron content. Boron is an interstitial microalloying element, which is characterized by low solubility in solid solution. Thus, when the boron content exceeds its solubility limit in the as-cast alloys, block borides precipitate in the interdendritic regions (Figs. 4(b) and 4(c) ). Further increase in boron content results in the formation of lamellar borides, as shown in Fig.  4(d) . Borides form around γ′/γ eutectics and are enriched with Cr and Mo (Fig. 4) . Similar results have been reported in many alloys [3,1213] . Since Cr and Mo have low concentrations in γ′ phase, the formation of γ′/γ eutectics leads to increases in Cr and Mo contents in the remaining liquid in front of the solidifying γ′/γ eutectics. Consequently, Cr and Mo elements enrich around the regions where the boride phase is formed.
Ideally, the grain boundary of directional castings, all oriented in the <100> crystallographic direction, should be parallel to the direction of stress. However, the grain boundary is rather winding, and is not completely parallel to the direction of stress (Figs. 7(b), 7(d), and 7(f)). Therefore, the stress tends to concentrate at the winding grain boundary, which is weak at elevated temperatures. The effect of boron atoms in grain boundaries has been proved by previous report [1419] . According to those studies, boron segregation at grain boundaries reduces the grain boundary energy and significantly increases the grain boundary cohesion. After heat treatment, the observed increase in rupture life of alloys with increasing boron content, as shown in Fig. 6 , indicates that boron plays an important role in the strengthening of grain boundaries during the rupture test. The stress-rupture fracture mode transforms from intergranular to transgranular with increasing boron content, which is also indicative of the strengthening of grain boundaries. Upon heat treatment, fine block borides are formed at grain boundaries, and this is an ideal morphology for inhibiting grain boundary sliding and for resisting grain boundary cracking. As a result, the rupture life of the alloys increases considerably with increasing boron content. However, with further increase in boron content to 0.03wt% (alloy D), lamellar borides are formed at grain boundaries. The rupture life of alloy D decreases and its fracture mode transforms from transgranular to mixed transgranular and intergranular fracture (Fig. 7) . This indicates that the addition of excess boron will lead to the formation of lamellar borides at grain boundaries, which in turn will make the interfaces brittle and decrease the rupture life.
Conclusions
In summary, this paper investigates the effect of boron addition on the microstructure and properties of directionally solidified alloys. The following conclusions can be obtained based on the systematic analysis of the as-cast and heat-treated alloys:
(1) The eutectic fraction in the as-cast alloys increases with increasing boron content. After heat treatment, the γ′/γ eutectic is partly dissolved in the γ matrix.
(2) In the as-cast alloys, borides precipitate around the γ′/γ eutectic with increasing boron content. Upon heat treatment, fine block borides precipitate at grain boundaries with increasing boron content. At a high boron content of the order of 0.03wt%, lamellar borides tend to form at grain boundaries.
(3) The rupture life of the alloys increases with increasing boron content, indicating that the grain boundary is strengthened by the addition of boron. However, the addition of excess boron will lead to the formation of lamellar borides at grain boundaries, which in turn will decrease the rupture life.
